Slits are large multidomain leucine-rich repeat (LRR)-containing proteins that provide crucial guidance cues in neuronal and vascular development. More recently, Slits have been implicated in heart morphogenesis, angiogenesis, and tumor metastasis. Slits are ligands for the Robo (Roundabout) receptors, which belong to the Ig superfamily of transmembrane signaling molecules. The Slit-Robo interaction is mediated by the second LRR domain of Slit and the two N-terminal Ig domains of Robo, but the molecular details of this interaction and how it induces signaling remain unclear. Here we describe the crystal structures of the second LRR domain of human Slit2 (Slit2 D2), the first two Ig domains of its receptor Robo1 (Ig1-2), and the minimal complex between these proteins (Slit2 D2-Robo1 Ig1). Slit2 D2 binds with its concave surface to the side of Ig1 with electrostatic and hydrophobic contact regions mediated by residues that are conserved in other family members. Surface plasmon resonance experiments and a mutational analysis of the interface confirm that Ig1 is the primary domain for binding Slit2. These structures provide molecular insight into Slit-Robo complex formation and will be important for the development of novel cancer therapeutics.
B
ilaterally symmetric nervous systems, such as those of insects and vertebrates, possess a special midline structure that establishes a partition between the left and right mirror-image halves. To connect and coordinate both sides, a subset of so-called commissural axons has to cross the midline. Developing commissural axons navigate through the embryo by processing and responding to a number of different signals in their immediate environment. Both Slit and Netrin and their receptors, Roundabout (Robo) and Deleted in Colorectal Carcinoma (DCC), provide key ligand-receptor interactions for this process during neuronal development, especially at the midline of the central nervous system of vertebrates and invertebrates (1, 2) . The Slit-Robo signaling complex is also central to the development of blood vessels (3, 4) and some organs, for example, the heart (5, 6). In addition, Slit2 has been implicated in breast cancer metastasis (7) and Robo1 in heptacellular carcinoma (8) .
Three Slit proteins (Slit1-3) (9) and four Robo proteins (Robo1, Robo2, Robo3/Rig-1, and the vascular-specific Robo4/ magic Roundabout) (10) (11) (12) have been identified in mammals. Netrin and Slit1-3 are secreted by the midline cells, whereas DCC and Robo1-3 are expressed on the surface of growing axons (2) . During neuronal development, the commissural axons are initially attracted to the midline through a Netrin-DCCmediated interaction (2) . This attractive signal is subsequently silenced near the midline to allow crossing through a Slitmediated interaction between DCC and Robo (13). Slit-Robo signaling then induces repulsion, expelling the axons from the midline and preventing recrossing (1) . In vertebrates, Robo3 is also proposed to have a role in midline crossing by antagonizing Robo1 (14) . The exact details of this mechanism remain unknown, but two Robo3 isoforms (Robo3A and Robo3B) that differ only at their N terminus by alternative splicing have recently been identified (15) . These studies show that, although the Robo3A isoform is unable to bind Slit2, it can still form heterophilic interactions with Robo1. This raises the possibility that Robo3 may, in fact, sequester Robo1 into an inactive receptor complex on the developing axon to allow midline crossing (15) .
Slit proteins contain a unique N-terminal tandem of four leucine-rich repeat (LRR) domains (D1-D4) followed by seven to nine EGF-like domains, a laminin G domain and a C-terminal cysteine-rich module (16) . Proteolytic cleavage within the EGF region releases the active N-terminal fragment (17) . The ectodomain of Robo1-3 consists of five Ig-like (Ig1-Ig5) and three type III fibronectin domains (18) , whereas Robo4 has only two Ig domains. Slits1-3 cross-interact with Robo1-3 via their second LRR domain and first two Ig domains, respectively (19, 20) . However, the binding partner(s) for Robo4 still remains unclear. Heparin has also been observed to bind Slit2 and is proposed to form an integral component of the Slit-Robo signaling complex (21) . The crystal structure of the third LRR domain of Drosophila Slit (dSlit D3) has been determined (20) , and elsewhere, we describe the crystal structure of the equivalent domain of Slit2 (Slit2 D3) (22) , which has one more LRR than dSlit D3. To help elucidate the exact molecular basis of Slit-Robo signaling, we biochemically characterized and determined the structures of the separate interacting domains of human Robo1 and Slit2, as well as the minimal complex between them. These studies reveal that Ig1 of Robo1 is the primary interaction domain for Slit2, and that the bipartite interaction region involves highly conserved residues from both proteins.
Results
Structure of Robo1 Ig1-2. The crystal structure of the first two Ig domains from human Robo1 was determined at 2.5-Å resolution by using the multiple wavelength anomalous diffraction technique from a single mercury derivative (Table 1) . Both domains have the canonical I1 ␤-sandwich fold formed by two antiparallel ␤-sheets containing strands ABBЈED and strands AЈGGЈFCCЈ and an internal disulfide bridge connecting ␤F to the linker between ␤B and ␤BЈ (23) (Fig. 1A) . The closest structural neighbors to Ig1 and Ig2 are the Ig domains 1 and 4, respectively, of the chicken neural axonin-1 (24) (rmsd 92C␣ ϭ 1.1 Å and rmsd 89C␣ ϭ 1.5 Å). There is essentially no polypeptide linker between the two domains, the final strand of Ig1 (␤GЈ) being contiguous with the first strand of Ig2 (␤A), forming an extended module 100 Å long, with a pseudo-2-fold screw axis relating the two Ig domains (actual angle 172°).
The interdomain interface buries 610 Å 2 of surface area and involves four side chains (Lys-81, Ala-166, Ile-167, and Val-246), which make van der Waals contacts (Fig. 1B) . In addition, Glu-164 in Ig1 forms a hydrogen bond with His-197 in Ig2. In a second crystal form, the elbow angle between the two domains is reduced from nearly 180°to 140°(actual change of 39.9°) (Fig. 1C) , giving clear evidence for a flexible hinge between the two domains. This hinge motion eliminates the interdomain interface, but the hydrogen bond remains intact. Helix ␣2 at the C terminus of Robo1 Ig2 corresponds to the N terminus of the Ig3 domain. ␣2 makes a sharp turn that might allow Ig3 to pack against Ig2 and induce a U-shaped conformation of the Robo1 Ig1-4 domains, as observed for Ig1-4 from the chicken axonin-1 (24) .
Structure of Slit2 D2. The 2.0-Å crystal structure of the isolated Slit2 D2 was solved by molecular replacement and reveals a canonical LRR fold, similar to the ectodomains of glycoprotein Ib␣ (25) , the Nogo receptor (26) , and the third LRR domain of Drosophila Slit (dSlit D3) (20) . The domain's concave face is formed by eight ␤-strands, comprising a ␤-hairpin from the N-terminal cap and six parallel strands from the LRRs. Its convex face is formed by loops devoid of secondary structure, and the N-and C-terminal caps each contain two disulfide bridges [supporting information (SI) Fig. 4 A and B] . The four molecules in the asymmetric unit are nearly identical (rmsd 199C␣ Ͻ 0.45 Å) but display a dual conformation of the ␣1-␤9 loop, corresponding to the ''␤-switch'' loop of glycoprotein Ib␣ (25) (SI Fig. 4C ). The dSlit D3 LRR is the closest structural neighbor to mammalian Slit2 D2 but is different in containing one less LRR.
Slit2 D2-Robo1 Ig-Binding Analysis. Slit binding, as measured in an in vitro pulldown assay, has been shown to require both the Ig1 and Ig2 domains from Robo1 (19) . We analyzed the interaction of purified Slit2 D2 with Ig1-2 in vitro using surface plasmon resonance (SPR) spectroscopy and obtained a K d value of Ϸ8 nM, in agreement with previous published data (20, 27-29) ( Table 2 ). We then analyzed the Slit2 D2-binding affinity of the two individual Ig1 and Ig2 domains of Robo1 (Ig1, residues 61-166; and Ig2, residues 166-266) ( Table 2) . Compared with the Ig1-2 construct, the relative D2-binding capacity of Ig1 and Ig2 was 0.7 and 0.07, respectively. Determination of the kinetic constants yielded a K d value of Ϸ8 nM for the Slit2 D2-Robo1 Ig1 interaction, similar to the K d value obtained with Robo1 Ig1-2. The K d value could not be determined for Robo1 Ig2, because it bound very weakly.
Structure of the Slit2 D2-Robo1 Ig1 Complex. We cocrystallized Slit2 D2 with Robo1 Ig1 and determined the structure at 1.7-Å resolution, whereas cocrystallization of Slit2 D2 with Ig1-2 failed to yield crystals. Consistent with mutagenesis studies (20) , Robo1 Ig1 binds to the concave face of Slit2 D2, with the long axis of Ig1 at Ϸ60°to the longitudinal axis of D2 ( Fig. 2A) . Robo1 Ig1-Slit2 D2 complex formation does not introduce major rearrangements of the backbone of the uncomplexed domains (rmsd 106C␣ ϭ 0.84 Å and rmsd 191C␣ ϭ 0.40 Å, respectively). Complex formation buries 1,380 Å 2 of solvent-accessible surface area in an interface that consists of two distinct regions. The first region is predominantly electrostatic in nature and is formed by the ␤2-␤3 loop and strands ␤3 and ␤4 of Slit2 D2 and the ␤A-␤AЈ and ␤B-␤BЈ loops of Ig1. Two salt bridges (involving Ig1 residues Glu-72 and Lys-90 and Slit2 D2 residues Arg-306 and Glu-304) and two hydrogen bonds (involving Asn-88 and Ser-75 of Ig1 and Arg-328 and Arg-287 of Slit2 D2) mediate direct contacts between the two proteins (Fig. 2B) . Four water molecules make multiple bridging hydrogen bonds between Ig1 and D2 residues. The polar residues in this interface region display significant changes in side chain conformation upon complex formation (SI Fig. 5A ).
The second contact region is predominantly hydrophobic and is formed by the packing of the ␤B-␤E-␤D cluster of Ig1 strands onto ␤6, ␤7, and ␤8 of Slit2 D2. It involves six Ig1 residues (Pro-84, Met-120, Leu-122, Phe-128, Leu-130, and Arg-131) and nine Slit2 D2 residues (Val-354, Ala-381, Leu-376, Leu-378, Leu-400, Ser-402, Tyr-404, His-426, and Ser-453) (Fig. 2C ). This extensive apolar contact is reinforced by a hydrogen bond from Tyr-356 of Slit2 D2 to Thr-86 of Ig1. This interface is consistent with previous site-directed mutagenesis experiments performed with the Drosophila Slit, which showed that residues corresponding to Tyr-356, Leu-378, Tyr-404, and His-426 in human Slit2 were critical for Robo binding (20) . Interestingly, most of the Robo1 Ig1 residues participating to the hydrophobic region of the Slit2 D2 interface are also involved in a homophilic interface burying 1,744 Å 2 of buried surface area within an antiparallel crystallographic dimer present in the first Robo1 Ig1-2 crystal form.
Mutagenesis Analysis of the Robo1 Ig1-Binding Site. We selected nine conserved Robo1 Ig1 residues from the complex interface for mutagenesis and analyzed their effect on wild-type Slit2 D2 binding using SPR. All mutations resulted in a significant loss of Slit2 D2 binding, except for the Ser75-Arg mutation, situated on the border of the interface (Fig. 2D) . Disruption of the hydrogen bond between Thr-86 and Tyr-356 by the isosteric Thr-86-Val substitution was sufficient to reduce the Slit2 D2 binding by Ͼ50%. More dramatic effects on D2 binding were observed when the polar Asn-88 was replaced by a leucine or when the charges of Glu-72, Lys-90, and Arg-131 were reversed. Within the hydrophobic region of the interface, the substitution of Met-120, Phe-128, and Leu-130 by arginines reduced D2 binding by a factor of 6-20.
Discussion
The Slit-Robo signaling complex acts as a key ligand-receptor interaction in the development of neurons, blood vessels, and some organs (1, 3, 5, 6) . Although biochemical studies have defined the domains mediating Robo-Slit interaction as Robo Ig1-2 and Slit D2 (19, 20) , many questions still remain. One important question is how the concave face of Slit D2 can bind two Ig domains when it is large enough only to accommodate a single Ig domain. Indeed, whereas some of the Slit D2 residues involved in complex formation are known, the molecular details of this interaction and the Robo residues involved are unknown. Another is exactly how heparin binding is integrated into the Slit-Robo signaling complex (21) . Last, it is unknown how Slit binding to Robo is translated into a signal that is passed across the cellular membrane. The Robo1-Slit2 biochemical and structural data described here provide unique insights into these questions. The complex structure also expands the repertoire of Ig-binding regions currently known and is possibly useful in therapeutic drug design.
Robo Ig1 Sequence Comparison. Robo1, Robo2, and Robo3 all show specific high-affinity binding to Slit2 (15, 27) , and our biochemical results provide conclusive evidence that the Robo1 Ig1 domain is the primary binding site for Slit2. A sequence alignment of metazoan homologues reveals that the Slit2 D2-binding residues are highly conserved (SI Fig. 6A ), and that all but one of the Robo1-binding residues are invariant (SI Fig. 6B ). The exception is Ser-75, which is not critical for Slit2 D2 binding in our SPR assay. This suggests that the interface observed in our structure is preserved in all metazoan Robo-Slit combinations, except those involving Robo4. In Robo4, many critical Slit2 binding residues are not present (e.g., Glu-72, Asn-88, Lys-90, Met-120, Phe-128, and Arg-131), consistent with the fact that no direct interaction between Robo4 and Slits has yet been observed.
Two human Robo3 isoforms, Robo3A and Robo3B, with very different biochemical properties have recently been identified (15) . Robo3A differs from Robo3B by the insertion of 26 amino acids at its N terminus and was unable to bind Slit2 in an in vitro pulldown assay. The proximal location of this N-terminal extension to the primary Slit2-binding region on Robo Ig1 suggests that the additional residues in Robo3A could shield the Slit2-binding site in this particular isoform. Whether this postulated shielding and the ability of Robo3A to heterophilically bind Robo1 (15) are of biological significance remains to be determined.
Heparin Binding. Heparin has recently been proposed to bind Slit2 D2 by means of a cluster of basic residues in the C-terminal cap, thereby enhancing the stability of the Slit2 D2-Robo1 Ig1-2 complex (21). Our structure shows that this putative heparinbinding site is still accessible in the complex (Fig. 3) . Complex formation between FGF-FGF receptor (FGFR) is also heparindependent (30, 31) . However, the heparin-binding site of the FGFR Ig2 domain (30, 31) involves a series of lysines corresponding to residues in Robo1 Ig1 that directly mediate Slit2 D2 recognition (Glu-72, Ser-75, Glu-83, Thr-86, and Asn-88). The heparin-binding site of Robo1 must therefore differ from that of FGFR in a ternary Slit2-Robo1-heparin complex.
Structural Implications for Signaling. An alignment of the Ig1 and Ig2 domains of human Robo1 involved in binding Slit2 (19) shows a high divergence of the Slit2-binding residues in Ig2, where few of the most important Slit2-binding residues are conserved (Fig. 1D ). This observation, together with the 1:1 stoichiometric nature of the Slit2-Robo1 Ig1-2 complex (this work and ref. 21 ), does not support a Slit2 D2-Ig2 interface similar to that of Slit2 D2 with Ig1. Instead, as indicated by the poor binding affinity of Slit2 D2 for Ig2 revealed by our SPR experiments, we propose that Ig2 harbors a weak secondary Slit2 D2-binding site, which nevertheless appears to be required for Slit-Robo signaling (19) . An intriguing possibility is that the flexibility of the Ig1-Ig2 linkage could allow Ig2 to simultaneously contact Slit2 D2 while it is primarily bound to Ig1 (Fig.  3) , and that this could be part of the signal transduction mechanism.
Structure-Based Comparisons and Inhibitor Design. The Slit2-binding site of Robo1 differs from most other protein-protein interfaces involving an Ig domain in binding the ABBЈED sheet as opposed to the more frequently observed AЈGGЈFCCЈ sheet interaction. The only other Ig domain known to mediate an interaction with this sheet is the Ig domain 5 of the tyrosine kinase receptor TrkA (TrkA Ig5) (32) . Two regions on TrkA Ig5 mediate binding to nerve growth factor (NGF). The major region is from loops at the C-terminal pole, whereas the minor region involves the ABED sheet. Here, the N-terminal residues of NGF adopt a helical conformation and pack against the ABED sheet of TrkA Ig5 (32) . Both the N-terminal NGF and TrkA Ig5 families share very little sequence conservation in these regions, and this is believed to be important for their ligand-receptor specificity (32) . The ABBЈED sheet interface region of Robo1 Ig1, however, is significantly different from the TrkA Ig5-binding region in being highly conserved and much more extensive. The Slit2 D2-Robo1 Ig1 complex presented here represents a previously undescribed interaction of an LRR domain with an Ig domain and once again illustrates the enormous versatility of Ig domains in mediating protein-protein interactions (33) . This unique interaction region therefore provides an attractive target for the rational design of specific Slit-Robo signaling inhibitors. Here, the extended N-terminal peptide of Robo3A, which blocks Slit2 binding, may provide a useful lead in a structure-based design approach. Such inhibitors would have applications in antiangiogenic therapy (4) or in blocking Slit-Robo-mediated cancer cell metastasis (7).
Materials and Methods
Preparation and Crystallization of Recombinant Proteins. We subcloned Robo1 Ig1 and Robo1 Ig2 cDNA into a modified pTT3 expression vector (34) encoding a secretion signal peptide followed by a hexa-histidine tag. Robo1 Ig1 point mutants were generated by using the QuikChange kit (Stratagene, La Jolla, CA). Proteins were expressed and purified as described (35) . The human Robo1 construct encompassing the first two Ig domains (residues 61-268) and the second LRR domain of human Slit2 (residues 271-479) were crystallized as described (22, 35) . Crystals of the Slit2 D2-Robo1 Ig1 complex were grown at 20°C by the hanging-drop method. Two microliters of a protein solution containing an equimolar ratio of Slit2 D2 and Robo1 Ig1 was mixed with 1 l of reservoir solution containing 12% PEG 6000, 0.1 M Li 2 SO 4 , and 0.1 M citrate, pH 5.6. The crystals belong to space group P2 1 2 1 2 with unit-cell dimensions a ϭ 51.3 Å, b ϭ 190.1 Å, and c ϭ 40.9 Å and contain one complex per asymmetric unit.
Phasing and Refinement. Diffraction data were collected at ID14-4 of the European Synchrotron Radiation Facility at two different wavelengths near the Hg L-III absorption edge from a single Robo1 Ig1-2 crystal soaked in Hg acetate. The positions of two Hg atoms in the asymmetric unit were determined with SHELXD (36) , and the phases were calculated and improved by using SHARP (37) (SI Table 3 ). The structure was refined at 2.5 Å against data collected at the remote wavelength. The second crystal form of Robo1 Ig1-2 was solved by molecular replacement by using the individual Ig1 and Ig2 domains from crystal form 1 and refined to 2-Å resolution. The R and R free values for this crystal form 2 are larger than expected, and this is probably due to the presence of a weak super lattice observed in the diffraction pattern, indicative of some kind of translational disorder that we have not been able to model. The Slit2 D2-Robo1 Ig1 complex was solved at 1.7 Å by molecular replacement (38) using human Slit2 D3 (22) and human Robo1 Ig1 structures. The Slit2 D2 structure was determined at 2 Å by molecular replacement (38) by using the structure of the LRR domain from Slit2 D2-Robo1 Ig1 complex. The diffraction data were reduced by using XDS (39) , and the crystallographic models were refined by using CCP4 programs (38) iterated with manual rebuilding. A summary of the refinement statistics is given in Table 1 .
SPR Spectroscopy. Analyses were performed by using a BIAcore 3000 instrument (BIAcore AB, Uppsala, Sweden). Robo1 constructs were immobilized (400-1,000 resonance units) on the surface of a CM5 sensor chip (BIAcore) using the aminecoupling chemistry (Biacore amine coupling kit) according to the manufacturer's instructions. Binding of Slit2 D2 was measured at a flow rate of 20 l per min in 145 mM NaCl/10 mM Hepes (pH 7.4), containing 0.005% surfactant P20 (BIAcore). Equivalent volumes of each protein sample were injected over a surface with no protein immobilized to serve as blank sensorgrams for subtraction of the bulk refractive index background. Regeneration of the surfaces was achieved by injection of 20 l of 2 M NaCl. Data were analyzed by global fitting to a 1:1 Langmuir-binding model of the association and dissociation phases for several concentrations simultaneously using the BIAevaluation 3.1 software (BIAcore AB). The apparent equilibrium dissociation constants (K d ) were calculated from the ratio of the dissociation K dr and association K ar rate constants, and maximal binding capacities (R max ) were determined by using the same model. We thank C. Petosa for critically reading this manuscript. We gratefully acknowledge the use of the European Molecular Biology Laboratory (EMBL), Grenoble, high-throughput crystallization facility, and we thank the EMBL-Grenoble/European Synchrotron Radiation Facility (ESRF) Joint Structural Biology Group for access and support at ESRF beamlines ID14-4 and ID23-1. Partial funding for this project was provided by the European Commission Framework 6 Integrated Project ''SPINE2-Complexes.''
